Objectives: Staphylococcus lugdunensis, a species of CoNS, has become an important hospital pathogen because of increasing resistance to b-lactam antibiotics such as methicillin and oxacillin. Methicillin resistance is mainly due to the acquisition of the staphylococcal cassette chromosome (SCC) mec (SCCmec). Little is known about the structure of SCCmec in methicillin-or oxacillin-resistant CoNS.
Introduction
Staphylococcus lugdunensis, a species of CoNS, was first described in 1988. 1 Unlike most other CoNS isolates, S. lugdunensis is a significant pathogen as it can cause a wide range of problems such as skin, soft tissue, bone and joint infections, bacteraemia, catheterrelated infections and endocarditis. 2 S. lugdunensis isolates are usually susceptible to most anti-staphylococcal antibiotics, but are increasingly found to be resistant to b-lactam antibiotics such as penicillin and oxacillin. 3 Methicillin resistance in staphylococci is mediated by the mecA or mecC gene, which encodes the protein PBP2a with a low affinity for b-lactam antibiotics. 4 The mobile genetic element named staphylococcal cassette chromosome mec (SCCmec) contains the mec gene complex, which consists of the mecA or mecC gene and its regulators. This element is integrated into the chromosome of Staphylococcus aureus in the 3 0 end of the rlmH gene, which encodes a ribosomal methyltransferase. 5 Six classes (A-E) of mec gene complexes have been discovered in staphylococci. The SCCmec element also contains a gene encoding the cassette chromosome recombinase (ccr). Several ccr allotypes (ccrA1-A7, ccrB1-B7 and ccrC) have been found in staphylococci. The ccr gene complexes are classified based on the difference in ccr allotype combinations (ccrC or the pair of ccrA and ccrB). The type of SCCmec is defined by the unique combination of mec and ccr gene complexes. [6] [7] [8] In S. aureus, 12 SCCmec types have been described, 9 but little is known about the SCCmec elements in CoNS isolates. It is believed that SCCmec elements are more prevalent and diverse in CoNS than in MRSA isolates, and CoNS isolates may serve as reservoirs of SCCmec elements for S. aureus. [10] [11] [12] [13] In this study, we characterized the structures of type V and Vt SCCmec elements of two clinical S. lugdunensis isolates. We found that the structures of SCCmec elements in S. lugdunensis were much more diverse than those in S. aureus.
Materials and methods

Bacterial strains
Strain CMUH-22 (SCCmec type Vt) was isolated from a skin pus sample of a patient with cellulitis and CMUH-25 (SCCmec type V) was obtained from an ascites sample of a patient with peritonitis in 2010 at China Medical University Hospital (CMUH), Taichung, Taiwan. 14 
WGS and assembly of SCCmec elements
Genomic DNA was extracted using the QIAamp DNA Mini Kit (Qiagen) according to the manufacturer's instructions. WGS was performed using an Illumina HiSeq 2000 platform (Illumina, USA). The raw reads from CMUH-22 and CMUH-25 were de novo assembled to yield contigs using the Velvet software. 15 Contigs were mapped and aligned to the reference genome sequence of a methicillin-susceptible S. lugdunensis (NC_017353.1) using the CLC Genomics Workbench v5.0.1. Unmapped contigs were used to identify novel SCC elements by BLAST (http://www.ncbi.nlm.nih.gov). Overlapping contigs were concatenated into supercontigs and gaps between contigs were closed by sequencing PCR products.
Bioinformatic analysis
Predictions and annotations of genes were performed using the Rapid Annotation using Subsystem Technology (RAST) server (http://rast.nmpdr. org/). The identity and homology of sequences from different species were determined by BLAST. The phylogenetic tree was constructed using the MEGA tree program (http://www.megasoftware.net/). The SCCmec sequences of CMUH-22 and CMUH-25 were deposited in GenBank under accession numbers KP307925 and KP307924, respectively.
Results
The lengths of concatenated contigs were 41445 and 50337 bp for SCCmec elements of CMUH-22 and CMUH-25, respectively (hereafter referred to as SCCmec and SCCmec CMUH-25 ). SCCmec and SCCmec CMUH-25 were both integrated into the 3 0 end of the rlmH gene. Two 18 bp DRs (DR SCC -R and DR SCC -L) and two 7 bp IRs (IR SCC -L and IR SCC -R) were present at the left and right extremities of both elements ( Figure S1 , available as Supplementary data at JAC Online). Similar to previously reported SCCmec elements, 7 SCCmec CMUH-22 and SCCmec CMUH-25 consisted of mec and ccr gene complexes and the three joining regions (J1-3) (Figure 1a) .
SCCmec CMUH-25 contained 42 ORFs (Table S1 ). The region between rlmH and the ISSau4-like transposase genes (orf1-orf23) showed 96%-100% sequence identity to that of type Vt (5C2&5) SCCmec in S. aureus PM1. As shown in Figure 2 , the ccrC of SCCmec CMUH-25 showed sequence identity of 98.7% to ccrC3, 97.1% to ccrC7 and 97.5% to ccrC8, suggesting that SCCmec CMUH-25 carries a new ccrC variant. However, unlike type Vt SCCmec of S. aureus PM1, which carries a truncated IS431, the mec gene complex of SCCmec CMUH-25 contained two complete IS431 elements.
The mecA-mecR1 region was flanked by two IS431s in opposite orientations, similar to that of type V SCCmec (5C2) in S. aureus WIS (Figure 1b) . Interestingly, ccrA4 and ccrB4 genes of SCCmec CMUH-25 shared 88%-99% nucleotide identities to those of the SCC element in Staphylococcus haemolyticus NCTC 11042 (Table S1 ). The ccr gene complex (type 4 carrying ccrA4B4) in SCCmec CMUH-25 was located between the J1 and J2 regions, similar to the type VI (HDE288) and VIII (C10682) SCCmec elements in S. aureus strains (Figure 1a) . The sequences of pls and several ORFs downstream from pls were highly homologous to those of type I SCCmec from the S. aureus COL strain (Table S1 ). Based on these results, SCCmec CMUH-25 was designated as a novel SCCmec type V variant (5C2&4).
SCCmec CMUH-22 contained 33 ORFs (Table S2 ). The structure of the region between rlmH and the ISSau4-like transposase genes (orf1-orf23) was similar to that of type Vt SCCmec in S. aureus PM1 and showed 87%-100% sequence identity. The ccrC gene of SCCmec showed sequence identity of 100% to ccrC8, 97.5% to ccrC7 and 96.2% to ccrC3 (Figure 2) . Thus, SCCmec CMUH-22 contained a type 5 ccr gene complex and a class C2 mec gene complex and was designated as 5C2. Unlike SCCmec CMUH-25 , its mec gene complex contained a mecA, a truncated mecR and one complete and one truncated IS431, similar to type V SCCmec of S. aureus PM1 (Figure 1c ). There was no sequence homology to type V SCCmec in the J1 region, but the sequences of three ORFs (orf24-orf26) were highly homologous (9%-99%) to a portion of the genome of Staphylococcus epidermidis strain RP62A (Table S2 ). The pls gene and the six ORFs downstream of pls showed high sequence homology to the glycosyltransferase group 1 family protein and mur ligase family protein genes of the composite SCCmec type V in S. aureus WAMRSA40.
Discussion
Complete genome sequencing revealed that SCCmec CMUH-22 and SCCmec CMUH-25 contain common features of SCCmec elements, but exhibit mosaic structures composed of regions common to those found in other staphylococci. The SCCmec elements of two other oxacillin-resistant S. lugdunensis isolates (NTUH-4179 and NTUH-6767) in Taiwan have been reported previously by Tseng et al., 16 but their structures are very different from those of SCCmec CMUH-22 and SCCmec . The type V SCCmec of NTUH-4179 (JX914566) harbours the class C2 mec gene complex and one ccrC gene with high sequence identity to a pseudo-ccrC gene of S. aureus SCCmec type III (AB047089). This class C2 mec gene complex is highly similar to that of type V SCCmec of S. aureus WIS. NTUH-4179 also carries ccrA2B2 genes located outside the SCCmec element. The type Vt SCCmec of S. aureus PM1 has two distinct ccrC genes (ccrC2 and ccrC8), but SCCmec CMUH-22 has only one (ccrC8). The ccrC gene of SCCmec CMUH-25 is phylogenetically close to ccrC3 (Figure 2 ). SCCmec CMUH-25 also contains ccrA4B4 with homology to the ccrA4B4 of the SCC element in S. haemolyticus (Figure 1b) . Although the three SCCmec elements of S. lugdunensis found in Taiwan to date are all closely related to SCCmec type V or Vt, their ccrC genes are phylogenetically distinct (Figure 2) . Different mec-ccr combination complexes (class C1 mec-ccrA4B4 and class A mec-ccrC) have been detected in S. haemolyticus. Chang et al.
gene complex. 18 These data demonstrate the evolutionary diversity of SCCmec elements in CoNS.
As SCCmec and SCCmec CMUH-25 have sequences similar to that of SCCmec type Vt of S. aureus PM1, it is likely that these two elements share a common ancestor (Figure 1) . However, the regions downstream of the ISSau4-like transposase gene show sequence similarities to those of several different SCC elements of staphylococci other than S. aureus PM1. The sequences of three ORFs and ccrA4B4 located downstream of the R-M system in SCCmec CMUH-25 are similar to those of the SCC element of S. haemolyticus NCTC 11042 (Table S1 ). In SCCmec CMUH-22 , the region downstream of the ISSau4-like transposase gene is similar to its counterpart in S. epidermidis strain RP62A, and the sequence of pls is similar to that of WSCCpls in the composite SCCmec type V of WAMRSA40 (Table S2 ). The pls gene encodes the plasmin-sensitive surface protein Pls, which is usually associated with SCCmec type I such as that found in S. aureus COL. 19 The presence of the mosaic structure composed of other genetic elements from organisms with different genetic backgrounds indicates multiple events of gene acquisition. The structure of SCCmec suggests that the combination of mec-ccr complexes in S. lugdunensis is more diverse than that of S. aureus. The results of this study indicate the importance of further research on the compositions of SCCmec elements in this clinically important pathogen. Figure 2 . Phylogenetic tree of ccrC genes. The phylogenetic relationships of the following ccrC genes are shown: ccrC1 from S. aureus WIS (AB121219), ccrC2 from S. aureus TSGH17 (AY894416), ccrC3 from S. aureus 85/2082 (AB037671), ccrC4 from S. aureus M (U10927), ccrC5 from S. haemolyticus JCSC1435 (AP006716), ccrC6 from S. haemolyticus 25-60 (EF190467), ccrC7 from S. epidermidis 13-48 (EF190468), ccrC8 from S. aureus PM1 (AB462393), ccrC9 from Staphylococcus saprophyticus ATCC 15305 (NC_007350) and ccrC10 from S. aureus UMCG-M4 (GQ902038).
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